Hydrogenases catalyze the redox interconversion of protons and H 2 , an important reaction for a number of metabolic processes and for solar fuel production. In FeFe hydrogenases, catalysis occurs at the H cluster, a metallocofactor comprising a [CN] species is generated during HydG catalysis, a process that entails the loss of Cys and the [Fe(CO) 2 (CN)] fragment; on this basis, we suggest that Cys likely completes the coordination sphere of the synthon. Thus, through spectroscopic analysis of HydG before and after the synthon is formed, we conclude that Cys serves as the ligand platform on which the synthon is built and plays a role in both Fe 2+ binding and synthon release.
, and azadithiolate ligands. The [2Fe] H subcluster is assembled by the maturases HydE, HydF, and HydG. HydG is a member of the radical S-adenosyl-L-methionine family of enzymes that transforms Fe and L-tyrosine into an [Fe(CO) 2 (CN)] synthon that is incorporated into the H cluster. Although it is thought that the site of synthon formation in HydG is the "dangler" Fe of a [5Fe] cluster, many mechanistic aspects of this chemistry remain unresolved including the full ligand set of the synthon, how the dangler Fe initially binds to HydG, and how the synthon is released at the end of the reaction. To address these questions, we herein show that L-cysteine (Cys) binds the auxiliary [4Fe-4S] cluster of HydG and further chelates the dangler Fe. We also demonstrate that a [4Fe-4S] aux [CN] species is generated during HydG catalysis, a process that entails the loss of Cys and the [Fe(CO) 2 (CN)] fragment; on this basis, we suggest that Cys likely completes the coordination sphere of the synthon. Thus, through spectroscopic analysis of HydG before and after the synthon is formed, we conclude that Cys serves as the ligand platform on which the synthon is built and plays a role in both Fe 2+ binding and synthon release.
FeFe hydrogenase | metallocofactor biosynthesis | HydG F eFe hydrogenases catalyze the reversible interconversion of H 2 with protons and electrons, and thereby provide either an electron source or an electron sink for a variety of metabolic processes (1) . Hydrogenase reactivity occurs at the H cluster, which consists of a conventional [4Fe-4S] H subcluster coupled to an organometallic [2Fe] H subcluster that features a 2-aza-1,3-propanedithiolate ("azadithiolate") ligand and multiple CO and CN -ligands ( Fig. 1A ) (2, 3) . The biosynthesis of the H cluster has garnered much attention (4, 5) given its unusual structure and exceptional H 2 production activity (6) . Whereas the [4Fe-4S] H subcluster is inserted by the housekeeping Fe-S cluster machinery, the [2Fe] H subcluster is synthesized and inserted by three accessory proteins: the HydE, HydF, and HydG maturases (5, (7) (8) (9) . Both L-tyrosine (Tyr) and L-cysteine (Cys) have been shown to stimulate in vitro [2Fe] H subcluster biosynthesis (10, 11) with Tyr serving as the precursor to the CO and CN -ligands (12) (13) (14) ; the role of Cys in H-cluster maturation is less clear and an emerging area of focus (15) .
Significant progress has been made toward elucidating the individual functions of the maturases (5) . HydG is a member of the radical S-adenosyl-L-methionine (SAM) family of enzymes (16) and performs a complex reaction in which Tyr and Fe are transformed into an [Fe(CO) 2 (CN)] synthon that is eventually incorporated into the [2Fe] H subcluster (17) (Fig. 1B) . The substrate and product of the radical SAM enzyme HydE are presently unknown, although it is thought that HydE plays a role in building the azadithiolate ligand (5, 15) . HydG and HydE are thought to function in concert with the GTP-hydrolyzing enzyme HydF (18, 19) to generate a [2Fe] H subcluster-like precursor (20) (21) (22) that is transferred to the hydrogenase apoprotein (apo-HydA) to yield the mature H cluster. This mechanistic framework continues to undergo substantial refinement as the chemical details of these processes are unraveled.
HydG contains two Fe-S clusters that play separate roles in building the [Fe(CO) 2 (CN)] synthon (17, (23) (24) (25) (26) . Cleavage of Tyr to CO and CN -is initiated at the N-terminal, SAM-binding [4Fe-4S] RS cluster where one-electron reduction of SAM generates the 5′-deoxyadenosyl radical (5′-dAdo•) (Fig. 1B) . Subsequent H-atom abstraction from the amino group (27) of Tyr (28) induces Cα-Cβ bond cleavage. The resulting 4-hydroxybenzyl radical (4HOB•) has been observed by EPR spectroscopy (23) indicating that dehydroglycine (DHG) is an intermediate to CO and CN -; the mechanism of DHG conversion to CO and CN -is under investigation (29) and beyond the scope of this paper. The auxiliary, C-terminal cluster adopts an S = 5/2 spin state and is proposed to be the site of [Fe(CO) 2 (CN)] synthon formation (17, 26) . The X-ray crystal structure of chemically reconstituted Carboxydothermus hydrogenoformans HydG features a [4Fe-4S] RS cluster, however no auxiliary cluster was observed (25) . On the other hand, an X-ray crystal structure of chemically reconstituted Thermoanaerobacter italicus (Ti) HydG shows the auxiliary cluster in a structurally unprecedented [5Fe-5S] aux form, consisting of a conventional [4Fe-4S] cluster linked via a bridging sulfide to a partially occupied dangler Fe (26) . In this structure, the dangler Fe is further ligated by a histidine residue and a nonproteinaceous, unidentified amino acid via its carboxylate and amino groups; this unidentified amino acid was suggested to be mechanistically irrelevant (26) . Support for a [5Fe] aux cluster was also obtained from EPR spectroscopic studies of Shewanella oneidensis (So) HydG (26) . Taken together, these results point to the dangler Fe as the site for synthon formation.
Significance
Hydrogen production is central to a solar fuel paradigm, and a variety of metabolic processes use H 2 as an electron donor or protons as an electron acceptor. Hydrogenases mediate the biological redox interconversion of protons and H 2 , with FeFe hydrogenases among the most active. This reactivity occurs at the "H cluster," which features an organometallic subcluster that is synthesized and inserted in a complex series of steps. The accessory protein HydG generates an [Fe(CO) 2 [CN] species during turnover. Based on these results, we propose a mechanism in which Cys serves as the ligand platform on which the synthon is built and discuss its role in Fe binding and release.
Results
Wild-type (WT) SoHydG ("HydG") was expressed in Escherichia coli BL21(DE3) ΔiscR::kan and purified using StrepTactin affinity chromatography as previously described (12) . Typical X-band EPR spectra of HydG samples reduced by dithionite (DTH) show two distinct signals: an S = 1/2 signal near g = 2 that corresponds to the [4Fe-4S] + RS cluster and an unusual S = 5/2 signal with resonances at g eff = 9.5, 4.7, 4.1, and 3.8 that corresponds to the C-terminal, auxiliary cluster ( Fig. 2 and SI Appendix, Fig. S1 ) (23, 26) . In light of the crystallographically observed TiHydG auxiliary cluster structure, the S = 5/2 spin system observed by EPR spectroscopy may be understood as resulting from exchange coupling between an S = 2 dangler Fe 2+ and an Fe labeling of Fe-S clusters (32, 33) .
Although most samples of as-isolated HydG and HydG XN display an intense S = 5/2 EPR signal corresponding to the Table 1 and SI Appendix for fitting details). Red text indicates 57 Fe labeling.
[5Fe] aux form ( Fig. 2 and SI Appendix, Fig. S1 + aux signal intensity into higher-spin forms (Fig. 4A) ; however, subsequent addition of S 2-gave little further change to the cluster composition (Fig. 4A) , suggesting that S 2-is not necessary for [5Fe] aux cluster formation and that another component is needed for complete reconstitution.
Given the observation of the unidentified amino acid in the TiHydG structure (26) cluster (Fig. 4B) (Fig. 4A and  SI Appendix, Fig. S4 ), suggesting that the auxiliary cluster binding site is specifically tailored for L-Cys. The observed binding specificity may be rationalized by the presence of two conserved residues (S342 and Q343, SI Appendix, Fig. S5 ) that serve as putative H-bond donors to the carboxylate group of the unidentified amino acid in the TiHydG crystal structure (26) .
To further probe the nature of Cys binding to the auxiliary cluster, we characterized the [4Fe-4S] aux [Cys] form in the presence of isotopically labeled Cys using electron-nuclear double resonance (ENDOR) spectroscopy. For this purpose, danglerand Cys-deficient samples of HydG (that would otherwise require reconstitution with Fe 2+ and Cys) were incubated with excess ENDOR spectra of the sample prepared with 3-13 C-Cys (Fig.  4C) Fig. S7 ). These findings are consistent with Cys-thiolate coordination as depicted in Fig. 4B .
We studied the fate of Cys during [Fe(CO) 2 (CN)] synthon formation through EPR spectroscopic examination of HydG-catalyzed reaction mixtures (with added DTH, Tyr, and SAM) that were incubated for 20 min before freezing-conditions that lead to [Fe(CO) 2 (Fig. 5 A and B) . The facile displacement of CN -by Cys may be rationalized by both the strong binding of Cys (vide supra) and the relatively weak binding of CN -; the latter has been observed in both biological (34) and synthetic (35) -ligands in the manner described above. A CO ligand may then be lost at a later stage in maturation to give the 3:2 ratio of CO:CN -that is observed for all redox states except for H ox -CO (4). One illustration of such a process is the loss of CO upon incorporation of the synthetic [Fe 2 (CO) 4 (CN) 2 (azadithiolate)] 2-precursor into apo-HydA (36) .
The evidence presented for Cys coordination to the HydG auxiliary cluster may clarify the discrepancies about the Fe-S cluster composition of HydG (SI Appendix, Table S2 ). Although SoHydG has been shown to harbor an S = 5/2 cluster (which we identify here as the [4Fe-4S] aux [(κ 3 -Cys)Fe] form) (23, 26) , EPR spectroscopic investigations of Thermatoga maritima (Tm) and Clostridium acetobutylicum (Ca) HydG identified multiple S = 1/2 EPR signals and on this basis suggested a conventional [4Fe-4S] aux cluster structure (14, 24, 37) . These TmHydG and CaHydG samples were purified using metal-affinity chromatography with subsequent chemical reconstitution using Fe and S 2-; however, Cys was not included during reconstitution, which may explain the absence of the [4Fe-4S] aux [(κ 3 -Cys)Fe] cluster in these samples. Conversely, the previously reported SoHydG preparation employs a Strep-II tag (11) which allows for gentler chromatographic purification, usually obviating the need for Fe-S cluster reconstitution. Thus, SoHydG isolated in this manner is typically preloaded with both Cys and the dangler Fe and is likely reflective of the Fe-S cluster composition during both in vivo and in vitro (11) H-cluster maturation.
The finding that Cys binds to the dangler Fe provides some chemical insights into its stimulatory effects on FeFe hydrogenase maturation (10, 11) . At the start of the HydG reaction, Cys promotes Fe 2+ binding either as a chelator that is already bound to the auxiliary cluster (Fig. 6A) (10, 15) . In either scenario, the hard, weak-field Cys amino and carboxylate donors are well matched for high-spin Fe and poorly matched for low-spin Fe; in this regard, Cys is well suited for performing the delicate balancing act of binding high-spin Fe N) were purchased from Cambridge Isotope Laboratories. All additives except for tyrosine were dissolved in 50 mM Hepes buffer (pH = 7.5) with 50 mM KCl and adjusted to pH = 7.5 before use. Tyrosine solutions were prepared as previously described (23) . 57 Fe solutions were prepared as previously described (38) .
Protein Expression and Purification. S. oneidensis WT HydG ("HydG"), HydG XN , and HydG XC [also called "HydG SxxS " (23)] were expressed in E. coli BL21(DE3) ΔiscR::kan cells, purified using a StrepTactin-Sepharose column as previously described (11, 12, 26) , and frozen before the preparation of spectroscopic samples.
57
Fe-labeled samples were generated as previously described (17) .
Spectroscopic Sample Preparation. EPR and Mössbauer samples were prepared in an anaerobic glove box under a N 2 atmosphere (<1 ppm O 2 ) and frozen using liquid nitrogen before spectroscopic analysis. All samples made for the reconstitution studies in Fig. 4A and SI Appendix, Fig. S4 were prepared identically. Unless otherwise indicated, the final substrate concentrations for these samples and all other samples were as follows: freshly thawed HydG, ∼200-1,000 μM; DTH, 10 mM; all other additives, 3 mM. Other than HydG, each component was added as a solution of 10-fold higher concentration than its final concentration. For example, addition of DTH (6 μL at 100 mM), SAM (6 μL at 30 mM), Fe 2+ (6 μL at 30 mM), and Cys (6 μL at 30 mM) to HydG (36 μL at 750 μM) gives a Cys-and Fe-reconstituted sample of HydG. For the reconstitution studies in Fig. 4A and SI Appendix, Fig. S4 buffer containing DTH, SAM, and Cys and subsequently concentrated 10-fold using an Amicon centrifugal filter [CN] form for the control experiment). This procedure was adapted from a previously reported protocol (26) .
EPR Spectroscopic Methods. X-band continuous-wave EPR spectra were recorded at 9.4 GHz using 5.0 G modulation amplitude. HYSCORE spectra were recorded at 9.7-9.8 GHz and 10 K using the pulse sequence π/2-τ-π/2-t1-π-t2-π/2-τ-echo, wherein both the excitation and the inversion pulse lengths are identical (16 ns). Values of τ were chosen to suppress 1 H nuclear coherences (τ = 128-140 ns). Mims ENDOR spectra were acquired in stochastic mode at 34.0 GHz and 7 K. The π/2-τ-π/2-π RF -π/2-τ-echo pulse sequence was used with an excitation pulse length of 16 ns, an rf pulse length of 20 μs, and τ value of 220 ns. Spectral simulations were performed with MATLAB using the EasySpin 4.5.5 toolbox (39) . See SI Appendix.
Mössbauer Spectroscopic Methods. Mössbauer spectra were recorded at zero field on a See Co. MS4 spectrometer equipped with a Janis SVT-400 cryostat. Spectra were calibrated using an Fe foil standard at room temperature. Spectra were processed and least-squares fit using WMOSS4 (40) . Quadrupole doublets were fit to Voigt profiles with Lorentzian linewidths of 0.19 mm s −1 (full-width at half maximum) and variable Gaussian linewidths. See SI Appendix.
